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Abstract: The particle size of sediment is one of the main factors that influence the phosphorus 
physical adsorption on sediment. In order to eliminate the effect of other components of sediment 
on the phosphorus physical adsorption, the sediment mineral matrices were obtained by removing 
inorganic matter, metal oxides, and organic matter from natural sediments, which were collected 
from the Nantong reach of the Yangtze River. The results show that an exponential relationship 
exists between the median particle size (D50) and specific surface area (Sg) of the sediment mineral 
matrices, and the fine sediment mineral matrix sample has a larger specific surface area and pore 
volume than the coarse sediment particles. The kinetic equations were used to describe the 
phosphorus adsorption process of the sediment mineral matrices, including the Elovich equation, 
quasi-first-order adsorption kinetic equation, and quasi-second-order adsorption kinetic equation. 
The results show that the quasi-second-order adsorption kinetic equation has the best fitting effect. 
Using the mass conservation and Langmuir adsorption kinetic equations, a formula was deduced to 
calculate the equilibrium adsorption capacity of the sediment mineral matrices. The results of this 
study show that the phosphorus adsorption capacity decreases with the increase of D50, indicating 
that the specific surface area and pore volume are the main factors in determining the phosphorus 
adsorption capacity of the sediment mineral matrices. This study will help understand the important 
role of sediment in the transformation of phosphorus in aquatic environments.      
Key words: sediment mineral matrix; particle size; specific surface area; pore volume; 
phosphorus adsorption     
 
1 Introduction 
Phosphorus is a major nutrient in aquatic systems, which needs to be managed to avoid 
eutrophication. The distribution and transport of soluble reactive phosphorus (SRP) in rivers 
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are strongly influenced by processes involving the interactions of phosphorus with suspended 
and bed sediments (House et al. 1995). Sediments can act as a sink or source in phosphorus 
transport and transformation within the bed layer and water column (Withers and Jarvie 2008). 
Natural sediments consist of a number of components, including minerals, organic matter, 
and activated metal (hydro-) oxides (Zhang et al. 1990), which play a major role in the 
adsorption of phosphorus onto sediments. Among these components, the minerals usually have 
a dual contribution to the sorption of pollutants. Namely, they not only serve as a very 
effective sorbent of environmental pollutants for their high porosity and large surface area 
(Koeppenkastrop and De Carlo 1992; Schroth and Sposito 1998; Evans et al. 2004; 
Sánchez-Martín et al. 2008), but also as the matrix of organic matter and metal (hydro-) oxides 
(Jenne 1968; Tang et al. 1981). Thus, they indirectly affect the pollutant adsorption onto 
sediments. Consequently, for a better understanding of the interaction of phosphorus with 
sediments, it is necessary to study the characteristics of phosphorus adsorption by the sediment 
mineral matrix. Some studies have demonstrated that the adsorption capacity of sediment was 
related to sediment components, such as organic matter, Fe/Al/Mn hydroxides, clay, and 
CaCO3 (Wang et al. 2007; Wang et al. 2012). However, less research has been conducted on 
the surface properties of the sediment mineral matrix, and the phosphorus adsorption by the 
sediment mineral matrix. 
The objectives of this study were to investigate the variation of the specific surface area 
and pore volume of the sediment mineral matrix with its particle size, and the adsorption 
kinetics and isotherm of phosphorus by the sediment mineral matrix.  
2 Materials and methods 
2.1 Sampling and pretreatment 
The sediment samples were taken from 5 cm below the bed level at three sites on the 
Nantong reach of the Yangtze River, mixed thoroughly in an air-sealed plastic bag, and 
transported to the laboratory. Collected samples were then air-dried and stored at 4ć. 
The sediment samples were gently stirred to break up the large particles and divided into 
three groups using mechanical vibratory sieving: D0 (0 to 63 ȝm), D3 (63 to 92 ȝm), and D4 
(92 to 125 ȝm). The pipette method was used to further divide D0 into two sub-groups: D1  
(0 to 30 ȝm) and D2 (30 to 63 ȝm).  
The inorganic matter, metal oxides, and organic matter, which were attached to the surface 
of natural sediments, were removed via chemical extraction methods to obtain the sediment 
mineral matrix samples. The specific extraction procedure is as follows (Fang et al. 2008):  
(1) The graded sediments were put into beakers with 30% hydrogen peroxide and stirred 
with a glass rod until the bubbling phenomenon stopped.  
(2) The upper solutions were removed, and 200 mL of deionized water was added into the 
beakers. The sediment samples were then moved to centrifuge tubes and centrifuged for 5 min. 
The upper solutions in the centrifuge tubes were removed, and the gathered sediment 
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particulates were put into the beakers again. 
(3) Hydrochloric acid was added into the samples in the beakers and stirred with a glass 
rod until the bubbling phenomenon stopped.  
(4) Steps (2) and (3) were repeated three times. 
After the extraction, the inorganic matter, metal oxides, and organic matter were regarded 
to be completely removed. The obtained sediment mineral matrix samples were dried and 
stored in vials prior to the adsorption experiments.  
2.2 Sediment mineral matrix analysis 
The particle size analysis of the sediment mineral matrix was performed using a LS 
13320 Saturn Digisizer. The specific surface area, pore distribution, and pore volume of the 
sediment mineral matrix samples were analyzed with a JK-BW nitrogen adsorption instrument.  
2.3 Sorption kinetic measurements 
The dried sediment mineral matrix samples (each of them had a mass of 0.1g) were put 
into a series of 200-mL reaction bottles with 100 mL of inorganic phosphorus solution 
(anhydrous KH2PO4) with an initial phosphorus concentration of 2 mg/L. The pH values of the 
solutions were maintained at 7.50f0.05 by adding 0.01 mol/L of NaOH and 0.01 mol/L of 
HCl. Each test was carried out three times, and the average results were recorded if the results 
of the three tests varied within a certain range. All reaction bottles were sealed and incubated 
at 18f0.3ć in a thermostatic oscillator at a rotational speed of 190 r/min. The sample 
solutions were taken at different time (5, 10, 20, 30, 60, 120, 180, 240, 480, and 720 min) and 
centrifuged immediately at a rotational speed of 5 000 r/min for 10 min. The supernatant was 
immediately filtered through 0.45-ȝm Whatman GF/C filters for phosphorus analysis. The 
total phosphorus concentration in the sediment mineral matrix samples was monitored using 
the molybdenum-blue complex method (Murphy and Riley 1962).  
The Elovich equation, quasi-first-order adsorption kinetic equation, and quasi-second-order 
adsorption kinetic equation (Chien and Clayton 1980) were used to model the adsorption 
kinetic process. They can be expressed, respectively, as follows: 
1 1 1 1ln( ) ln( )tq = tβ αβ β αβ+ −                         (1) 
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where tq  is the amount of phosphorus adsorbed by the sediment mineral matrix sample (mg/g) 
at time t, α  is the initial adsorption rate (mg/(g·min2)), β  is the desorption coefficient 
(g·min/mg), t is time (min), eq  is the amount of phosphorus adsorbed (mg/g) at equilibrium, 
1k  is the rate constant of the quasi-first-order equation (min
-1), and 2k  is the rate constant of 
the quasi-second-order equation (g/(mg·min)). 
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2.4 Sorption isotherm measurements 
In each isotherm measurement, the dried sediment mineral matrix samples (each of them 
had a mass of 0.25 g) were put into 300-mL reaction bottles with 250 mL of inorganic 
phosphorus solution (anhydrous KH2PO4). Each test was performed under ten initial phosphorus 
concentrations: 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 10 mg/L. The pH values of the solutions were 
maintained at 7.50f0.05 by adding 0.01 mol/L of NaOH and 0.01 mol/L of HCl. After 12 h of 
equilibration, the solutions were centrifuged at a rotational speed of 5 000 r/min for 10 min,  
and the supernatant was immediately filtered through 0.45-ȝm Whatman GF/C filters for 
phosphorus analysis. The Langmuir isotherm model and Freundlich isotherm model were used 
to study the adsorption isotherm. They can be expressed, respectively, as follows: 
  m l ee
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=
+
 (4) 
 e f e
nq K C=  (5) 
where eC  is the dissolved phosphorus concentration in solution (mg/L) at equilibrium, mq  is 
the maximum phosphorus adsorption amount (mg/g), 1K  is the Langmuir adsorption 
coefficient (L/mg), fK  is the Freundlich adsorption coefficient (mg/g·(L/mg)
n), and n is a 
constant determined by experiments. 
3 Results and discussion 
3.1 Characteristics of sediment mineral matrix  
Fig. 1 shows the particle size distributions of four groups of sediment mineral matrix 
samples. D1 had the largest nonuniformity, including clay and silt (in the United States 
Department of Agriculture (USDA) system). Due to the limitation of the analysis method, 
group D1 could not be further subdivided in the experiment. Particles in D2 were mainly silt, 
while D3 was fine sand, and D4 was fine-medium sand. The parameters of surface properties 
for the four groups of sediment mineral matrices are listed in Table 1. Fig. 2 shows that an 
exponential relationship exists between the median particle size (D50) and specific surface area 
(Sg), and the rate of increase of Sg is slow from D4 to D2, but very steep from D2 to D1. This 
indicates that the fine sediment mineral matrix sample has a relatively large specific surface 
area and pore volume. 
 
Fig. 1 Gradation curves of four groups of sediment mineral matrices 
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Table 1 Properties of four groups of sediment mineral matrices 
 
Fig. 2 Relationship between median particle size and specific surface area of                            
sediment mineral matrix 
3.2 Adsorption kinetics  
Fig. 3 shows the variation of tq  with t for four groups of sediment mineral matrices, 
together with the fitted curves according to the Elovich, quasi-first-order, and 
quasi-second-order equations. It can be seen that the amount of phosphorus adsorbed is 
affected by the particle size of the sediment mineral matrix. The kinetic process of the 
phosphorus adsorption appears to occur in three distinct stages: an initial fast adsorption stage, 
a relatively gradual adsorption stage, and an eventual equilibrium state where the amount of 
phosphorus adsorbed reaches a maximum, which has been demonstrated in many studies. D2, 
D3, and D4 reached the eventual equilibrium in 4 to 5 h. D1 took about 7 h to achieve 
equilibrium. The results show that the sediment mineral matrix with a smaller particle size has 
a larger adsorption capacity and needs a longer time to reach the adsorption equilibrium. It can 
be seen from Fig. 3 that the Elovich equation underestimates the amount of phosphorus 
adsorbed in the initial rapid adsorption stage, while the quasi-first-order equation overestimates 
it. In the relatively gradual adsorption stage, on the contrary, the Elovich equation overestimates 
the amount of phosphorus adsorbed, while the quasi-first-order equation underestimates it. The 
quasi-second-order equation accurately describes the whole adsorption process. 
The values of the parameters in the Elovich, quasi-first-order, and quasi-second-order 
adsorption kinetic equations are shown in Table 2. Of the three equations, the 
quasi-second-order equation has the highest correlation coefficient (R2). From Fig. 3 and Table 2, 
it can be concluded that the quasi-second-order equation provides the best representation of 
the kinetic adsorption process. 
Group 
Particle 
size range 
(ȝm) 
Median 
particle size 
D50 (ȝm) 
Nonuniformity 
coefficient 
Phosphorus 
background value 
(mg/g) 
Specific 
surface area 
Sg (m2/g) 
Pore 
volume 
(cm3/g) 
Average 
pore size 
(nm) 
D1 0-30 9.6 3.03 0.011 34.17 0.036 4.6 
D2 30-60 43.0 1.19 0.007 9.05 0.005 5.2 
D3 60-90 72.0 1.12 0.004 6.64 0.004 5.4 
D4 90-120 105.0 1.09 0.003 5.83 0.004 5.7 
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Fig. 3 Observed amounts of phosphorus adsorbed by four groups of sediment mineral matrices          
and predicted values using three equations 
Table 2 Kinetic parameters of different adsorption kinetic equations for different sediment particle sizes 
Group 
Elovich equation Quasi-first-order adsorption kinetic equation 
Quasi-second-order adsorption 
kinetic equation 
α  
(mg/(g·min2))
β  
(g·min/mg) 
R2 qe (mg/g) 
k1 
(min-1) R
2 qe (mg/g) 
k2 
(g/(mg·min)) R
2 
D1 0.118 21.570 0.96 0.310 0.053 0.95 0.241 0.745 0.99 
D2 0.108 29.351 0.92 0.228 0.053 0.96 0.244 0.319 0.99 
D3 0.108 35.063 0.93 0.195 0.056 0.94 0.209 0.394 0.99 
D4 0.104 37.651 0.93 0.183 0.055 0.92 0.195 0.422 0.98 
3.3 Adsorption isotherm  
3.3.1 Phosphorus equilibrium adsorption of sediment mineral matrices with different 
particle sizes 
As shown in Fig. 4, the phosphorus equilibrium adsorption capacity of D1 is much larger 
than those of D2, D3, and D4, and the phosphorus equilibrium adsorption capacity decreases 
with the increase of the particle size of the sediment mineral matrix, which indicates that the 
phosphorus equilibrium adsorption capacity of the fine sediment mineral matrix is generally 
larger than that of the coarse sediment mineral matrix.  
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Fig. 4 Adsorption isotherms of sediment mineral matrices with different particle sizes  
The parameters in the Langmuir isotherm model and the Freundlich isotherm model are 
listed in Table 3. From Table 3, it can be concluded that the Langmuir isotherm model better 
depicts the adsorption isotherm trend with the higher correlation coefficients ranging between 
0.98 and 0.99, compared with the Freundlich isotherm model. Table 3 shows that a larger 
particle size causes a smaller qm, which is in agreement with the relationship between the 
particle size and equilibrium adsorption capacity discussed above.  
Table 3 Parameters in Langmuir and Freundlich isotherm models 
Group 
Langmuir parameters Freundlich parameters 
qm (mg/g) Kl (L/mg) R2 Kf (mg/g·(L/mg)n) n R2 
D1 0.63 0.55 0.99 0.24 0.40 0.98 
D2 0.44 0.63 0.99 0.18 0.35 0.92 
D3 0.36 0.77 0.99 0.17 0.32 0.96 
D4 0.33 0.94 0.98 0.17 0.29 0.95 
3.3.2 Effects of initial phosphorus concentration on equilibrium adsorption capacity 
To investigate the effects of the initial phosphorus concentration on the equilibrium 
adsorption capacity, the Langmuir adsorption kinetic equation was used in conjunction with 
the mass conservation equation. 
The total amount of phosphorus in a reactor, which consists of the dissolved phase and 
the adsorbed phase, should remain constant at any time. Therefore, the mass conservation 
equation can be expressed as 
 0 0
s s
1 1t t
s sq sV VC q sV C V
ρ ρ
§ · § ·
+ − = + −¨ ¸ ¨ ¸© ¹ © ¹
 (6) 
The Langmuir adsorption kinetic equation can be expressed as 
 ( )3 m 4dd
t
t t t
q k C q q k q
t
= − −  (7) 
and the initial conditions are 
  0 0t tC C= =          0 0t tq q= =     (8) 
where tC  is the phosphorus concentration in the solution (mg/L) at time t, V is the total 
volume of the solution (L), 3k  is the adsorption rate coefficient (L/(mg·min)), 4k  is the 
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desorption rate coefficient (min-1), s is the sediment mineral matrix concentration (g/L), sρ  is 
the sediment mineral matrix density (g/L), 0q  is the initial amount of adsorbed phosphorus 
(mg/g), and 0C  is the initial phosphorus concentration (mg/L). 
If we define 4 3k k k= , then eq  and eC
 can be calculated by the following formulae 
(Huang 2003), which are derived from Eqs. (6) and (7): 
( ) ( )2 20 0 m 0 0 m 0 0 m
e
2
2
q s C sq k q s C sq q s C sq k k
q
s
+ + + − + − + + + +
=         (9) 
      
( ) ( )2 20 0 m 0 0 m 0 0 m
e
2
2
q s C sq k q s C sq q s C sq k k
C
+ − − + + − + + + +
=       (10) 
When equilibrium adsorption is achieved, both eq  and eC  are dependent on the 
sediment mineral matrix concentration s, the initial amount of adsorbed phosphorus 0q , the 
initial phosphorus concentration 0C , and the adsorption-desorption characteristics of the 
sediment mineral matrix, such as the maximum phosphorus adsorption amount mq , and the 
ratio of the desorption rate coefficient to adsorption rate coefficient k.  
The influence of 0C  on eq  can be evaluated using Eq. (9). The theoretical prediction is 
in agreement with the experimental results as shown in Fig. 5. Fig. 5 shows that eq  increases 
nonlinearly with the increase of 0C , and the rate of increase of eq  slows down with the 
increase of 0C , which are consistent with previous research on natural sediments (Wang et al. 
2009; Wang et al. 2012). eq  reaches a maximum value when 0C  is sufficiently high. Then, 
the adsorption amount ceases to increase even if 0C  increases. This phenomenon is caused 
by the less active areas available for phosphorus adsorption at a large 0C  (Jin et al. 2005). 
The relationship between 0C  and eq  provides a way to predict the equilibrium adsorption 
capacity with different initial phosphorus concentrations.  
 
Fig. 5 Effect of initial phosphorus concentration on phosphorus equilibrium adsorption capacity 
3.3.3 Effect of sediment mineral matrix particle size on phosphorus equilibrium 
adsorption capacity 
Fig. 6 shows that the phosphorus equilibrium adsorption capacity decreases with the 
increase of the median particle size of the sediment mineral matrix. As the initial phosphorus 
concentration increases, eq  of D1 (0 to 30 ȝm) increases more significantly than those of D2, 
D3, and D4 (Fig. 5). As previously discussed in this study (Table 1), the specific surface area 
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and pore volume decrease with the increase of the particle size of the sediment mineral matrix. 
This may be the direct reason for the decrease of the phosphorus equilibrium adsorption 
capacity. This indicates that the specific surface area and pore volume are the main factors that 
determine the phosphorus equilibrium adsorption capacity of the sediment mineral matrix.  
  
Fig. 6 Effect of median particle size on phosphorus equilibrium adsorption capacity 
4 Conclusions 
The surface properties and phosphorus adsorption of the sediment mineral matrix were 
investigated in this study. The conclusions are as follows: 
(1) The relationship between the mean particle size and specific surface area of the 
sediment mineral matrix is exponential. The fine sediment mineral matrix has a relatively large 
specific surface area and pore volume.  
(2) Compared with the Elovich equation and quasi-first-order adsorption kinetic equation, 
the quasi-second-order adsorption kinetic equation can best describe the adsorption kinetics. 
The effects of the initial phosphorus concentration ( 0C ) on the equilibrium adsorption capacity 
( eq ) can be estimated by Eq. (9). eq  increases nonlinearly with the increase of 0C , the rate of 
increase of eq  decreases with the increase of 0C , and eq  reaches a maximum value when 0C  
is sufficiently high.  
(3) The specific surface area and pore volume decrease with the increase of the particle 
size of the sediment mineral matrix, leading to a decrease in phosphorus equilibrium 
adsorption capacity. The specific surface area and pore volume are the main factors that 
determine the phosphorus equilibrium adsorption capacity of the sediment mineral matrix.  
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